Ammonia decreased metabolism by rat colonic epithelial cells of butyrate and acetate to CO 2 and ketones, but increased oxidation of glucose and glutamine. Ammonia decreased cellular concentrations of oxaloacetate (OAA) for all substrates evaluated. The extent to which butyrate carbon was oxidized to CO 2 after entering the TCA cycle was not significantly influenced by ammonia, suggesting there was no major shift towards efflux of carbon from the TCA cycle. Ammonia reduced entry of butyrate carbon into the TCA, and the proportion of CoA esterified with acetate and butyrate correlated positively with the production of CO 2 and ketone bodies. Also, ammonia reduced oxidation of propionate but had no effect on oxidation of 3-hydroxybutyrate. Inclusion of glucose, lactate or glutamine with butyrate and acetate counteracted the ability of ammonia to decrease their oxidation. In rat colonocytes, it appears that ammonia suppresses SCFA oxidation by inhibiting a step prior to or during their activation. This inhibition is alleviated by glucose and other energy-generating compounds. These results suggest that ammonia may only affect SCFA metabolism in vivo when glucose availability is compromised.
INTRODUCTION
Levels of ammonia are normally much higher in the colonic lumen than in other body fluids. Ammonia concentrations up to 44 mmol/L have been reported in the human colon (1; 2) and concentrations up to 74 mmol/L have been reported in rodents (2; 3). Fecal ammonia concentrations are high also, with mean values of 46 mmol/L reported in one study (4; 5) .
Ammonia concentrations are greatly affected by intakes of dietary protein, fiber and carbohydrate, yet it is difficult to accurately predict the effect of diet, perhaps due to interactions between nutrients (3; 6). Based on the available data, it appears that the high-protein, high-fat, low-fiber diet typically consumed in America today will result in high concentrations of ammonia in the human colon.
High-protein diets are known to stimulate cellular proliferation of colonic epithelial cells (7) and to stimulate preneoplastic lesions in the liver (8; 9) . The stimulatory effect of high dietary protein on cellular proliferation and colonic carcinogenesis has been attributed by some to ammonia (3) . The ability of ammonia to induce cellular proliferation, alter DNA synthesis and alter processes of cell replication including, RNA polymerase activity, has long been recognized (10) . Ammonia has been shown to cause significant changes in RNA and protein content of intestinal cells (11) , to stimulate proliferation of colonic epithelial cells (12) , and to stimulate colonic tumorigenesis (13) . The mechanism by which ammonia influences these cellular processes is not known.
The influence of ammonia on cellular metabolism is organ specific. In the brain, increasing ammonia concentrations above the normal low levels of 0.1 mmol/L or less induces coma, limits energy production at least in part via inhibition of mitochondrial dehydrogenases (14; 15) , and depletes brain ATP by activating Na + /K + -ATPase (16) and by inhibiting the malate-aspartate shuttle (17; 18) . By contrast, ammonia was shown to stimulate glycolysis and TCA cycle metabolism of glucose and citrate in chick colonic epithelial cells (19) . Even though butyrate is a major source of energy for colonic epithelial cells, the interaction between ammonia and butyrate metabolism has not been fully investigated. In the one study that was available, ammonia was reported to inhibit butyrate metabolism (20) .
Factors that limit metabolism of butyrate by colonocytes have the potential to negatively impact colonic function since butyrate provides energy and synthetic precursors to the epithelial cells of the colonic mucosa. A previous observation in chick enterocytes (19) and a preliminary observation in our laboratory (21) that ammonia stimulated glucose oxidation led us to investigate the interaction between these substrates in the presence of ammonia. We hypothesized that butyrate oxidation, if inhibited due to suppression of mitochondrial malate dehydrogenase, would be relieved by glucose. Relief of ammonia-induced suppression of butyrate would alleviate concerns regarding the influence of ammonia on colonic metabolism.
Thus, in these studies we aimed to determine whether the influence of ammonia on glucose and/or short-chain fatty acids would be modulated by substrate interaction and, if so, the basis for this interaction. The results presented here contribute to the general goals of determining the physiological effects of ammonia on colonic epithelial cell energy metabolism and of determining how ammonia exerts its effects. These studies have physiological relevance since colonic epithelial cells are constantly and uniquely exposed via the lumenal contents to high concentrations of ammonia and butyrate. Inhibiting oxidation of these important compounds by 20% or more could negatively influence availability of energy and synthetic precursors for colonic epithelial cells, and could negatively influence cellular processes including regulation of cellular proliferation. 14 C-labeled glucose, glutamine, and succinate were further purified before use by thinlayer chromatography. The labeled compound was applied to 20 x 20 cm glass or plastic plates coated with MN 300 Cellulose (Brinkman Instruments, Westbury, NY) and developed in a solvent system containing n-butanol:glacial acetic acid:water (24:4:10, vol/vol/vol) as described previously (22) . The purified radiolabeled compound was eluted from the cellulose with water that was subsequently removed by lyophilization.
MATERIALS AND METHODS

Animals
14 C-labeled butyrate and acetate were further purified also using thin-layer chromatography as described above. For these compounds, however, the solvent was a two phase 1:1 (vol/vol) combination of n-butanol (upper phase):1.5 mol/L NH 4 OH (lower phase) (23) . The bottom of the glass plate was elevated so that it remained exclusively in the upper phase. Immediately after the plate was developed, it was removed from the tank and lightly sprayed with 0.1 mol/L Na•HEPES (pH 7.4) to prevent volatilization of the radiolabeled compounds from the plate. The radiolabeled compounds were eluted from the cellulose into a small volume of incubation buffer immediately before use.
In order to control for the effects of increased osmotic pressure and concentration of Cl -caused by the addition of NH 4 Cl to the incubation medium, an equimolar amount of NaCl was substituted for NH 4 Cl in the control flasks in all experiments. All treatments were duplicated within each replicate.
Colonic epithelial cell isolation and incubation. Colonic epithelial cells were isolated using previously described procedures (24) . Briefly, the colon was removed, everted, incubated for 30 min at 37°C in a Ca-free Krebs-Henseleit buffer (KH) containing 2.5 mmol/L dithiothreitol, 5mmol/L EDTA, and antibiotics (2.5 ug/mL amphotericin, 100 ug/mL kanamycin monosulfate, 250 U/mL penicillin G and 250 ug/mL streptomycin sulfate; (25) (27) . Samples were stored at -80°C prior to analysis.
Conversion of substrate carbon to CO 2 . The specific activities of the substrates used to measure conversion of substrate carbon to CO 2 ranged from 20,000 to 115,000 dpm/umol. Carbon dioxide was collected and 14 CO 2 quantified (24). Background radioactivity for each treatment was determined in the absence of cell suspension and was subtracted from the corresponding treatment value. Total CO 2 production was calculated as previously described (28) and quantified as the rate at which substrate carbon was metabolized to CO 2 .
As previously discussed (24) , the probability that the carbon from exogenous substrates which enters the TCA cycle will be oxidized to CO 2 versus other possible metabolic fates was determined by comparing the rates of conversion of trace amounts of very high specific activity For HPLC analysis, the samples were evaporated to dryness and re-suspended in either 500-600 uL of 60% acetonitrile (for 30 mmol/L acetate substrates) or 500 uL of 50% acetonitrile (for 5 mmol/L substrates). HPLC column and gradient conditions were reported previously (30) and were sufficient to resolve lactate, acetoacetate, hydroxybutyrate, acetate, propionate and butyrate. Peaks were detected by UV absorbance and column effluent was collected and counted in Hionic Fluor LSC cocktail using a 1600-TR liquid scintillation counter (Packard Instruments, Meriden, CT).
Concentration of oxaloacetate. Analysis of oxaloacetate in neutralized HClO 4 extracts was
conducted within 24 hr of the cell incubation (27 6 dpm/nmol., with a total radioactivity of 300,000 dpm/assay.
The assay for oxaloacetate was linear from 0 to 20 pmol of oxaloacetate (r = 0.999).
Recovery of oxaloacetate added to the incubation medium at the end of incubation was linear from 28 to 225 pmol of added oxaloacetate and averaged 100.9 %. In a preliminary experiment it was determined that the presence of ammonia did not interfere with the oxaloacetate assay.
Net lactate production. Amounts of lactate in neutralized HClO 4 extracts were determined enzymatically using an assay kit (Sigma Chemical Co., St. Louis, MO).
CoA derivatives. Acid-soluble acyl CoA esters were quantified using a modification of the Statistical analyses. Each data set was statistically analyzed by analysis of variance (ANOVA).
The effects of replicate, ammonia, substrate, and ammonia x substrate interaction were included in the model where appropriate. If the F-statistic for an effect was significant, differences among the individual least squares means for that effect were tested using single-degree of freedom contrasts (33) . A P -value of 0.05 was used as the level of significance for all tests. The analyses were performed using the general linear models procedure of SAS (33) . Correlation coefficients and regression analyses were performed using EXCEL statistical programs.
RESULTS
Effects of ammonia on oxidative metabolism of substrates to CO 2 and ketone bodies
In our initial experiment, the oxidation of butyrate to CO 2 was 28% lower for cells incubated in 40 mmol/L NH 4 Cl versus equimolar NaCl (Table 1) . Acetate oxidation to CO 2 was suppressed by 38% when incubated in 40 mmol/L NH 4 Cl. In contrast, NH 4 Cl stimulated oxidation to CO 2 of glucose by 15% and glutamine oxidation by 10% (Table 2 ). Net lactate production was significantly increased also (by 10%) by NH 4 Cl when glucose and butyrate were included in the media (data not shown).
Adding glucose to the incubation medium counteracted the ability of ammonia to inhibit the oxidation of both butyrate and acetate to CO 2 ( Table 1) . By contrast, adding butyrate to the media did not counteract the stimulatory effect of 40 mmol/L NH 4 Cl on glucose oxidation to CO 2 (Table 2) . Also, adding a mixture of substrates (acetate, propionate, butyrate and glucose)
to the media did not counteract the stimulatory effect of 40 mmol/L NH 4 Cl on the production of CO 2 from glutamine.
To determine whether NH 4 Cl had a general inhibitory effect on short-chain fatty acid metabolism, the effects of 40 mmol/L NH 4 Cl on CO 2 and ketone body production were simultaneously assessed. In this experiment, NH 4 Cl suppressed CO 2 production from butyrate by 18% and ketone body production from butyrate by 68% (Figure 1 ). Glucose largely alleviated this suppression.
Influence of substrate and ammonium chloride concentrations on oxidative metabolism
To determine whether NH 4 Cl suppressed short-chain fatty acid oxidation only under the conditions unique to our initial experiment, several subsequent experiments were conducted. In one of these experiments, acetate concentrations of both 5 and 30 mmol/L were used, and the production of CO 2 and ketone bodies was assessed ( Figure 2 ). NH 4 Cl significantly suppressed the metabolism of acetate to both CO 2 and ketone bodies when acetate was present at both low (5 mmol/L) and high (30 mmol/L) concentrations. As the interaction between substrate concentration and ammonia was not statistically significant, the results indicate that the degree to which ammonia inhibited the oxidation of acetate to CO 2 or to ketone bodies was similar for these two concentrations of acetate.
In a separate experiment, butyrate concentration was held at 5 mmol/L while NH 4 Cl was tested at both 10 and 40 mmol/L. CO 2 production from butyrate was suppressed to a similar extent by 10 and 40 mmol/L NH 4 Cl as indicated by the lack of a significant interaction between salts concentration and substrate (Table 3) . Glucose alleviated the suppressive effect of NH 4 Cl on CO 2 production from butyrate at both concentrations of salts.
Glucose oxidation to CO 2 was assessed at NH 4 Cl concentrations ranging from 0 to 40 mmol/L. CO 2 production from glucose increased with increasing NH 4 Cl concentrations, approaching a maximal level at the highest concentrations of ammonia tested ( Figure 3 ).
Effects of ammonia on OAA concentrations and TCA cycle flux
To evaluate our initial hypothesis that glucose would alleviate ammonia-induced suppression of butyrate oxidation to CO 2 due to suppression of mitochondrial malate dehydrogenase, we evaluated the influence of ammonia on cellular concentrations of oxaloacetate (OAA). OAA concentrations were higher when glucose was present either alone or with butyrate than when butyrate was the sole exogenous substrate ( Figure 1 ).
Efflux of intermediates from the TCA cycle was hypothesized as a factor that could account for reduced oxidation of butyrate carbon to CO 2 . Values for "A+T" represent the probability that carbon atoms entering the TCA cycle will be fully oxidized to CO 2 . Values for "A+T" would be reduced, for example, if NH 4 Cl caused increased amounts of "-ketoglutarate to be converted to glutamine. NH 4 Cl did not significantly influence values for "A+T" when butyrate was the sole exogenous substrate (Table 4) .
Oxidation of substrates to CO 2 could be influenced also by the rates at which substrate carbon enters the TCA cycle. The influence of NH 4 Cl on butyrate and glutamine carbon entry into the TCA cycle entry was calculated using substrate oxidation and "A + T" data. In the presence of NH 4 Cl, rates of TCA cycle entry were reduced 26% for butyrate, yet increased by about 10% for both glucose and glutamine (Table 4) . Thus, there appeared to be some relationship between the influence of ammonia on oxidation to CO 2 and TCA cycle entry of the substrate.
Influence of ammonia on CoA derivatives
Since NH 4 Cl suppressed the metabolism of acetate and butyrate to both CO 2 and ketone bodies, and since ammonia appeared to suppress entry of butyrate carbon into the TCA cycle, we tested the hypothesis that suppression was mediated by reducing availability of free CoA. As cells were exposed to treatments for only 45 min (insufficient time to influence overall levels of (Table 5 ). By contrast, there was a significant treatment effect on proportion of
CoA present as both free CoA and as the sum of acetyl-and butyryl-CoA. As there was a significant interaction between substrate and salts, differences between treatments were determined among the nine treatments. In comparison to NaCl, incubating cells in NH 4 Cl did not significantly influence the proportion of CoA present as free CoA, acetyl-CoA, butyryl-CoA or the sum of acetyl-and butyryl-CoA for the substrates tested. Thus, the data did not support the hypothesis that ammonia-induced suppression of acetate and butyrate oxidation was mediated by reduced availability of free coenzyme A.
The relationship between CoA species and SCFA oxidation was considered further by using the data from this experiment to evaluate the correlation between key CoA species and products of SCFA oxidation. A highly significant positive correlation (r = +0.90) was observed between CO 2 production and percentage of CoA present as the sum of acetyl-and butyryl-CoA (Figure 4 ). The correlation coefficients were further increased (r = +0.95) when oxidation to both CO 2 and ketone bodies was considered. Also, a highly significant but negative correlation (r = -0.92) was observed between CO 2 production from the 14 C-labeled SCFA and percent of CoA present as free CoA. The correlation coefficients were further increased (r = -0.94) when oxidation to both CO 2 and ketone bodies was considered.
Influence of ammonia on oxidation of propionate and 3-hydroxybutyrate
Data from the CoA experiment suggested that ammonia exerts its effect at least in part by inhibiting the activation of SCFA to acyl-CoA derivatives. To test this possibility, the influence of ammonia on oxidation of propionate and 3-hydroxybutyrate was assessed with the following rationale. Although propionate is activated by the same short-chain acyl CoA synthetase that activates acetate and/or butyrate, the pathway by which propionate is metabolized following activation differs from that of acetate and butyrate. Propionate carbon enters the TCA cycle as succinyl-CoA while acetate and butyrate enter the TCA cycle as acetyl-CoA. If ammonia inhibited SCFA oxidation primarily at the point of activation rather than via TCA cycle metabolism downstream of activation, we hypothesized that ammonia would suppress propionate oxidation to an extent similar to that observed for other SCFA. As observed with acetate and butyrate, propionate oxidation to CO 2 was significantly suppressed in the presence of ammonium chloride and this suppression was largely alleviated by glucose ( Figure 5 ) as we observed previously for the other SCFA.
Our hypothesis that ammonia reduces SCFA oxidation by inhibiting activation was tested further by evaluating the influence of ammonia on oxidation of 3-hydroxybutyrate to CO 2 .
During metabolism, 3-hydroxybutyrate isomerizes to acetoacetate which is activated in the mitochondria via the energy-neutral transfer of CoA from succinyl-CoA, and the acetoacetylCoA molecules subsequently enter the TCA cycle as acetyl-CoA units. Thus, except for the process of activation, identical pathways should be utilized during the oxidation of acetate, butyrate and 3-hydroxybutyrate derived acetyl-CoA units to CO 2 . Our results indicate that oxidation of 3-hydroxybutyrate to CO 2 is not significantly influenced by ammonia ( Figure 5 ), supporting the hypothesis that ammonia suppresses an energy-requiring step prior to or during activation of SCFA.
Ability of substrates other than glucose to alleviate the effects of ammonia on SCFA oxidation
To further evaluate the properties of glucose responsible for alleviating the inhibitory effect of ammonia on oxidation of short chain fatty acids, the effects of other compounds were evaluated. To determine the influence of other pyruvate-generating compounds, lactate and alanine were evaluated. To determine the influence primarily of energy, glutamine was evaluated. As observed with glucose, lactate and glutamine were able to alleviate ammoniainduced suppression of butyrate to CO 2 ( Figure 6 ). By contrast, alanine caused further suppression of butyrate oxidation in the presence of ammonium chloride. In parallel experiments, CO 2 production from lactate in the presence of butyrate was stimulated by ammonia (4.09 and 3.28 umol CO 2 /g x min, 10 mmol/L NH 4 Cl and NaCl, respectively), and earlier experiments demonstrated that glucose and glutamine were metabolized also to CO 2 ( Table 2) .
By contrast, CO 2 production from alanine in the presence of butyrate was low and not stimulated by ammonia (0.62 and 1.13 umol CO 2 /g x min, 10 mmol/L NH 4 Cl and NaCl, respectively).
Thus, the inhibition of SCFA metabolism by ammonia was alleviated only by substrates able to yield energy when metabolized by colonocytes.
DISCUSSION
Ammonia inhibits the oxidation of exogenous butyrate and acetate by colonic epithelial cells
The results of these studies show that ammonia inhibited the oxidation of both butyrate and acetate carbon to CO 2 and ketone bodies. In these experiments, ammonia suppressed oxidation of acetate and butyrate to CO 2 by 20-40% and to ketone bodies by 50-70%. The magnitude of these changes could have marked effects on the availability of energy and synthetic precursors needed for colonocytes to perform essential functions and maintain their high rates of proliferation.
The observation that ammonia inhibited the oxidation of butyrate carbon to CO 2 and ketone bodies corroborates previous observations using colonic epithelial cells isolated from pigs (20) . Suppression by ammonia of both CO 2 and ketone body production from both acetate and butyrate suggests that ammonia exerts its effect via one or more elements shared by the oxidative pathways leading to CO 2 and ketone bodies, and shared by acetate and butyrate. We sought to investigate explanations for these observations.
Ammonia stimulates the oxidation of exogenous glucose, glutamine and lactate
Our observation that ammonia increases the oxidation of glucose to CO 2 supports a previous observation using chick enterocytes (19) . Differences between species or between gut segments may explain why ammonia did not stimulate glucose oxidation to CO 2 in pig colonocytes (20) . Our results suggest that ammonia increased glucose oxidation in rat colonocytes at least in part by reducing efflux of carbon from the TCA cycle and increasing the efficiency of oxidation. This effect is unlikely to fully account for the increased oxidation of glucose to CO 2 since glucose carbon entry into the TCA cycle was increased also. The influence of ammonia on energy production from glucose is evident from the increase in CO 2 production.
Also, ammonia increased net lactate production in the presence of glucose indicating that the influence of ammonia on energy production from glucose is in excess of the change in CO 2 production. Ammonia has been shown to stimulate glycolysis in chick enterocytes (19) and, in other tissues, ammonia has been shown to specifically stimulate several enzymes of the glycolytic pathway (34; 35) . Our own data showed that ammonia stimulated production of lactate when glucose was present in the media. Together, these data suggest that ammonia increased both glycolysis and oxidative metabolism of glucose in rat colonocytes.
Our results indicate that ammonia stimulates oxidation of substrates other than glucose.
Here we show that ammonia stimulated the oxidation of both glutamine and lactate to CO 2 . The increased oxidation of glutamine to CO 2 appears not to be due to changes in the efficiency with can be produced from butyrate via pathways that do not require entry into the TCA. Thus, we reasoned that any decrease in SCFA carbon entry into the TCA cycle would be the result of some earlier ammonia-inhibited event. Since the TCA cycle is unlikely to be involved in ketone body production from SCFA, we reasoned also that changes in the values for "A +T" also would be the result of an ammonia-inhibited event preceding TCA cycle entry. Consequently, we sought an explanation for inhibition of SCFA oxidation by ammonia in processes upstream of acetyl
CoA and the TCA cycle.
Evidence that activation is directly influenced by ammonia is provided by our observation that ammonia suppressed propionate and butyrate oxidation to CO 2 to similar extents. As propionate is metabolized by a pathway distinct from that of acetate and butyrate, these results point also to activation as one of the few steps common to the three SCFA that were evaluated.
As evidence that ammonia exerts its effects on SCFA oxidation via elements upstream of acetylCoA, we observed that ammonia did not suppress oxidation of 3-hydroxybutyrate to CO 2 .
Ketone bodies may be activated in the mitochondria via a CoA transferase enzyme that is distinct from acyl CoA synthetase enzymes, and via a reaction that does not require ATP. That ammonia might exert its effect via an energy-requiring transport step needed for the oxidation of SCFA but not ketone bodies cannot be ruled out.
Glucose alleviates the inhibition of SCFA oxidation by ammonia
Inclusion of glucose counteracted the ability of ammonia to decrease oxidation of acetate, propionate and butyrate. This is an important observation because it suggests that glucose derived either arterially or lumenally could moderate the inhibition of ammonia on butyrate and acetate oxidation. This has important consequences in vivo, since colonic epithelial cells are constantly exposed to high concentrations of lumenal ammonia, butyrate, and acetate.
Glucose was not unique in its ability to alleviate inhibition of SCFA oxidation by ammonia. Both lactate and glutamine alleviated the inhibition of ammonia, whereas alanine did not. Interestingly, alanine was metabolized to CO 2 to a lesser extent than were glucose, glutamine and lactate. Also, ammonia stimulated oxidation to CO 2 of glucose, glutamine and lactate whereas alanine oxidation was not significantly affected. These observations suggest that glucose may alleviate the inhibition by contributing energy needed at some step prior to the formation of an activated SCFA species. Energy-requiring steps include the activation of SCFA via acyl CoA synthetase enzymes and energy for the transport of substrates and essential cofactors. It seems unlikely that pH is involved since it is not known how glucose, lactate and glutamine would equally influence either the cytosolic or mitochondrial pH in a way that inhibition of transport or activation would be alleviated. A potential molecular mechanism by which ammonia could increase the demand for cellular energy is by altering the efficiency of ion flux across the cellular membrane, since ammonia alters intracellular pH (38; 39), and Cl -and K + transport (40; 41) by colonic epithelial cells. Studies that measure directly the influence of ammonia on mitochondrial ATP concentrations were outside the scope of the current studies.
The current results were obtained using isolated colonic epithelial cells. Although it is not known whether ammonia would have the same effects in vivo, our previous results indicate important parallels in the metabolism of SCFA by isolated colonocytes and the colonic mucosa in vivo (28; 30; 42; 43) . Performing these experiments in vivo would provide a unique challenge, as it would be difficult to test the influence of glucose at concentrations below that of the arterial blood. Glucose (and oxygen) delivery to the colonic mucosa is diminished in the presence of vascular disease or when the viscosity of the blood is increased. These changes may occur with diseases including diabetes, chronic radiation injury, sickle cell disease; with the taking of oral contraceptives, diuretics, estrogens, etc; with mass lesions as seen with carcinoma and diverticular disease; and with obstruction, fecal impaction, etc. Although beyond the scope of the current studies, models that simulate the influence of compromised vascular perfusion might yield particularly interesting results. The current findings using isolated colonocytes suggest that ammonia will significantly suppress metabolism of acetate and butyrate when glucose availability is reduced due to diminished vascular perfusion. Butyrate (n=5) and acetate (n=4) experiments were conducted separately. Two-way ANOVA was used to analyze the data. The interaction between treatment and salts concentration was statistically significant, so differences among the 4 treatments were determined using Tukey's with a procedure-wise error rate of 5%. Within the butyrate and acetate experiments, different superscripts indicate significant differences among treatments. Substrates were present in the incubation medium at 5 mmol/L. The substrate mixture was composed of acetate, butyrate, propionate and glucose.
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NaCl or NH 4 Cl were present at 40 mmol/L.
3
These eight treatments were evaluated in a single experiment (n-4-5). Two-way ANOVA was used to analyze the data. The effects of ammonia and substrate were significant, but their interaction was not. Superscripts within the same row or column indicate significant differences between marginal means at p<0.05. 4 Cl at the salts concentration indicated, and 5mmol/Lglucose where indicated, n=3. Two-way ANOVA was used to analyze the data. The effect of ammonia and substrate were significant, but their interaction was not. Superscripts within the same row or column indicate significant differences between marginal means at p<0.05. % change was calculated using the mean value for NH 4 Cl treatment/mean value for NaCl treatment.
Data are means + SEM, n = 5. Values for "A + T" reflect the probability that carbon atoms entering the TCA cycle will be oxidized to CO 2 , and were calculated from CO 2 production from [1,4-14 C]succinate and [2,3-14 C]succinate when incubated with the substrates (5 mmol/L) and salts (40 mmol/L) indicated. There was a significant interaction between the effects of Substrate and Salts. Superscripts indicate significant differences at P<0.05.
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Relative TCA cycle entry was calculated from mean values for CO 2 production and the mean values for "A + T", so variability could not be determined. Among the 9 treatments, proportion of total CoA ranged from 0.1-0.6% for malonyl-CoA, 0.0-0.3% for acetoacetyl-CoA, 0.3-1.9% for 3-hydroxybutyry-CoA, and 1.2-1.9% for hydroxymethyl glutaryl-CoA. Succinyl CoA concentrations were low also, but could not be sufficiently separated from the large free CoA peak to allow reliable quantification. 3 As there was a statistically significant substrate X salts interaction for these variables, differences among the 9 treatments were determined. Means in the same column with different superscripts are significantly different at p<0.05.
Differences between treatments were not statistically significant. For butyryl-CoA, statistical differences were determined using data for the 6 butyrate-containing treatments only. As the interaction between Acetate concentration X Salts was not statistically significant, differences between NaCl and NH 4 Cl were determined on the pooled means. * indicates that the pooled mean of the NH 4 Cl treatments were significantly different from the pooled mean of the NaCl treatment at P<0.05. Colonocytes were incubated in 10 mmol/L butyrate or acetate. Correlation coefficients are designated "r", and all correlation coefficients were statistically significant at P<0.05. The data from the nine treatments shown in Table 5 are included in the regressions of CO 2 . Ketone body production was assessed for only 5 of these 9 treatments. Thus, the regressions of CO 2 + ketone bodies included 
